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e start with X = set of points, no distances between
points, angles, etc. defined

e N0 absolute simultaneity = “time is not absolute”

e add properties to X that satisfy theorems

e — differentiable 4-(pseudo-)manifold

e point particle in space — w:World line in spacetime

e point in spacetime — spacetime “event”
e SR: spacetime = w:Minkowski space

e GR: spacetime = a solution of the
w:Einstein field equations
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SR: Minkowski spacetime L
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L .
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observer B has worldline (2/,¢") = (0,t)

In A’s coordinate system, B’s worldline is:
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SR: calibration L

Where does (2/,t') = (0,1) lie for observer A?
Where does (2/,t') = (1,0) lie for observer A?

Can high ¢ push the ¢" axis close to the z axis?

=

0-M-[Al-[3 -lcal -lc -[E¢p - [y - [t+|- [z —|- 1z - [zy -ltc - [Pen]- |3+ -PB|-[tw - w** -[SR| |[Riem - ltens| - max |[EFE| ||[Eq|-/Sch/-[FL |[ADM -[cac|| SR+GR Feb-Jun2011 V —p.5




SR: calibration L

Where does (2/,t') = (0,1) lie for observer A?
Where does (2/,t') = (1,0) lie for observer A?

Can high ¢ push the ¢" axis close to the z axis?

0-M-[Al-[3 -lcal -lc -[E¢p - [y - [t+|- [z —|- 1z - [zy -ltc - [Pen]- |3+ -PB|-[tw - w** -[SR| |[Riem - ltens| - max |[EFE| ||[Eq|-/Sch/-[FL |[ADM -[cac|| SR+GR Feb-Jun2011 V —p.5



SR: calibration
Where does (2/,t') = (0,1) lie for observer A?
Where does (z/,t') = (1,0) lie for observer A?
Can high ¢ push the ¢" axis close to the z axis?
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What happens to a photon under Lorentz transformation?
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events {(t,t) |t1 <t < ta} for some ty, s

'\ coshgp —sinho t
t' ]\ —sinh¢ cosho ¢
B (cosh ¢ — sinh @)t
~\ (—sinh ¢ + cosh @)t

= worldline is z’ = (cosh ¢ — sinh ¢)t =t i.e. the set of
spacetime events

{(t',t") | (cosh ¢ — sinh ¢)t; < t' < (cosh ¢ — sinh ¢)ta}
e photon speed same in both reference frames
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SR: effect of A on x = t (photons) L

What happens to a photon under Lorentz transformation?

Observer A: photon worldline is the set of spacetime
events {(t,t) |t1 <t < ta} for some ty, s

'\ coshgp —sinho t
t' ]\ —sinh¢ cosho ¢
B (cosh ¢ — sinh @)t
~\ (—sinh ¢ + cosh @)t

= worldline is z’ = (cosh ¢ — sinh ¢)t =t i.e. the set of
spacetime events

{(t',t") | (cosh ¢ — sinh ¢)t; < t' < (cosh ¢ — sinh ¢)ta}
e photon speed same in both reference frames
Lo w:Michelson-Morley experiment (1887)
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1 ( 411 ) = A(p2)A(91) ( ; )
“11(0,0)
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cf. rotation 6; “plus” rotation 6, = rotation 6; + 65
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“11(0,0)
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h h
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“11(0,0)
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SR: adding velocities L

Interstellar ark travels at 5; = 0.1 from Sun, sends out
rocket at 55 = 0.5; rocket’s speed 33 in Sun frame =7

t//

1 ( 411 ) = A(p2)A(91) ( ; )
“11(0,0)

but A(p2)A(¢1) = A(p1 + ¢2)

SO 33 = tanh (¢1 + ¢p) = 252 = LS~ (57
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A: alternative to hyperbolic trig functions

b | o
cosh¢ = ¢ 4"26

0o

. sinh ¢ :=
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A@) = ‘h bolic funct
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SR: Lorentz factor L

A: alternative to hyperbolic trig functions

= tanh ¢

v o= (1-p%)7Y2 =
Lorentz factor

B v = cosh ¢
A(B) = ( oA ) By = sinh ¢
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L VI-F
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. cosh ¢

worldline “time dilation”

_— e = =\ = =

(0,0)

sinh ¢
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L VI-F
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SR: worldline time dilation L

worldline “time dilation”

muons: mean lifetime
2197 ns <« 15 km

X

sinh ¢
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SR: worldline time dilation L

worldline “time dilation”

muons: mean lifetime
2197 ns <« 15 km

X

sinh ¢

time dilation = muons
coshp =v=—=-—=>1 can hit the ground
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SR: relativistic aberration L
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SR: relativistic aberration L
event B: (x,y,t) = (cosf,sinf, 1)
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(z/,y) frame
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SR: world line L
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SR: world line

L orentz transform of world line

.........
mmmmmmm

e coordinate time in spacetime model # time in your
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L orentz transform of world line
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e coordinate time in spacetime model # time in your
brain (thinking)

e 4L can be positive or negative, \ arbitrary real
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parameter
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SR: world line

L orentz transform of world line

.........
ccccccc

e coordinate time in spacetime model # time in your
brain (thinking)

e 4L can be positive or negative, \ arbitrary real
D)
parameter

e “elsewhere” spacetime events can change from past to
future even though 4 > 0
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SR: world line L

L orentz transform of world line

.........
ccccccc

e coordinate time in spacetime model # time in your
brain (thinking)

e 4L can be positive or negative, \ arbitrary real
D)
parameter

e “elsewhere” spacetime events can change from past to
future even though 4 > 0

e W:proper time 7 := time along a worldline measured by
clock following that worldline
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SR: world line L

L orentz transform of world line

.........
ccccccc

e coordinate time in spacetime model # time in your
brain (thinking)

e 4L can be positive or negative, \ arbitrary real
D)
parameter

e “elsewhere” spacetime events can change from past to
future even though 4 > 0

e W:proper time 7 := time along a worldline measured by
clock following that worldline

e often dr iIs useful for integrating
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SR: Rietdijk—Puthnam—Penrose p.

The Andromeda Paradox

T

TUESDAY

Kill all humans 11

M X
A car moving past a stationary person will have a ditferent set of
things that are sirmultaneous. Af the distance of the Andromeda
galay the present instant for the stationary person might containa
meeting where a space-admiral is deciding whether to invade

earth In the present instant for the person in the car the
Andromedian fleet 1z already on the way!

Shall we invade PP

MONDAY

w:RIietdijk-Putnam argument b:Rel2.gif

0-M-[A -3 -lcall-ic <[ X - [7]- t+-[x — 1zI- [Ty ltc]- Pen - 3+ -PBI-[tw- lu* -[SR |[Riem-[tens|- max |EFE |[Eq-/Sch/-[FL| |/ADM -cac/| SR+GRFeb-Jun2011 V —p.16


http://en.wikipedia.org/wiki/Rietdijk-Putnam argument
http://en.wikibooks.org/wiki/File:Rel2.gif
http://en.wikipedia.org/wiki/Rietdijk-Putnam argument
http://en.wikibooks.org/wiki/File:Rel3.gif

SR: Rietdijk—Puthnam—Penrose p. L
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SR: tachyons and causality
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SR: tachyons and causality L

add a tachyon with speed o > 1
choose rocket at speed gwith1/a < 5 < 1
add axes 7/, ¢ for the rocket
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e ladder of length 29.9v ns, garage length 30 ns

e instantaneously close front + back doors

e ladder frame: garage 30/~ ns long <« 29.9v ns!!

Is this possible or not? Make a spacetime diagram.

=

0-M-[A-[B -lcal-lc-[Z [t +|-[x — -[z1-[xy-tc-Pen - |3+ -PBl-w- wH SR |[Riem)- [tens] - max |[EFE |[Eq -[Schl-FL| ||ADM -[cacl| ~SR+GRFeb-Jun2011 V —p.19



http://commons.wikimedia.org/wiki/File:Ladder_Paradox_LadderFrame.svg
http://commons.wikimedia.org/wiki/File:LadderParadox2_Minkowski.svg
http://en.wikipedia.org/wiki/Ladder paradox

SR: pole-barn/ladder paradox L

t ad

S

0-M-[A-[B -lcal-lc-[Z [t +|-[x — -[z1-[xy-tc-Pen - |3+ -PBl-w- wH SR |[Riem)- [tens] - max |[EFE |[Eq -[Schl-FL| ||ADM -[cacl| ~SR+GRFeb-Jun2011 V —p.19


http://commons.wikimedia.org/wiki/File:LadderParadox2_Minkowski.svg
http://en.wikipedia.org/wiki/Ladder paradox

SR: pole-barn/ladder paradox L

0-M-[A-[B -lcal-lc-[Z [t +|-[x — -[z1-[xy-tc-Pen - |3+ -PBl-w- wH SR |[Riem)- [tens] - max |[EFE |[Eq -[Schl-FL| ||ADM -[cacl| ~SR+GRFeb-Jun2011 V —p.19


http://commons.wikimedia.org/wiki/File:Ladder_Paradox_GarageScenario.svg
http://commons.wikimedia.org/wiki/File:LadderParadox2_Minkowski.svg
http://en.wikipedia.org/wiki/Ladder paradox

SR: pole-barn/ladder paradox L

nnnnnnnnn
ooooooo

0-MI-[A -3 -lcall-1e - [Ep - [77)-[t+]- | — -[2]-[xY) i) Pen - [+ -[PB|-[tw- lwH -[SR] |[Riem - ftens|-max |[EFE |[Eq -[Schl-[FL| ||ADM -[cacl| ~SR+GR Feb-Jun2011 V -p.19


http://commons.wikimedia.org/wiki/File:Ladder_Paradox_LadderScenario.svg
http://commons.wikimedia.org/wiki/File:LadderParadox2_Minkowski.svg
http://en.wikipedia.org/wiki/Ladder paradox

SR: pole-barn/ladder paradox L

] w:Ladder paradox

0-M-[A -3 lcal-lc- 3¢ -y [t+ -[x—|-1zI- [y -lc - Pen -[B+ -IPBI-[w- uwH |- [SR |[Rieml-[tens - max |[EFE |[Eq -[Schl-[FL |[ADM|-cac| SR+GR Feb-Jun2011 -p.19


http://commons.wikimedia.org/wiki/File:LadderParadox2_Minkowski.svg
http://en.wikipedia.org/wiki/Ladder paradox

SR: twins paradox L

t \
/
t | D, -
By - -/
B —— = — — -
Ly, p,
; /
% /
S / /
= / T
Aq / C
¥ T
(07 O) / I AQ = (L, O)

simply connected Minkowski

=

0-M-[A [ -lcal-lc-[Z¢ [t +|-[x — -[z1-[xy-tc-Pen - |3+ -PBl-w- wH SR |[Riem)- [tens] - max |[EFE |[Eq -[Schl-FL| ||ADM -[cacl| ~SR+GR Feb-Jun2011 V —p.20




SR: twins paradox L

t/ |
/
t D// )
Bs /// /
Bl — — =—f — — -
L.Li) " p,
; /
E /
5 / /
= /ZU
Aq / C
i T
/|A2:<LO)

holonomy g

—
wdentify spacetime events

=

0-M-[A -3 -lcal-lc [ -[v)-[t+]|:|x — - 1zI-[xy]-td- Pen - |3+ -IPBI-tw/- w** -[SR| |[Riem - [tens|- max |[EFE |[Eq -[Schl-[FL| |[ADM -[cac/| ~SR+GR Feb-Jun2011 V —p.20




SR: twins paradox L

t t

0-M-[A -3 -lcall-ic -[ X - [7]- t+-[x — 1zI- [T Y] ltc]- Pen - 3+ -PBI-[tw- lu** -[SR] |[Riem-[tens|- max |EFE |[Eq-/Sch/-[FL| |/ADM -cac/| SR+GR Feb-Jun2011 V —p.20



SR: twins paradox L

@ worldline p &

Ay
ﬁ

=

0-M-[A (B -leal e[S [y [t+|- [z — -zl @y Pen - [B+ -PBI-tw-lw [SR] |Riem - tens|- max |[EFE |[Eq -[Schl-[FL |/ADM -cac| SR+GR Feb-Jun2011 V —p.20




SR: twins paradox L

0-M-[A -3 -lcall-ic -[ X - [7]- t+-[x — 1zI- [T Y] ltc]- Pen - 3+ -PBI-[tw- lu** -[SR] |[Riem-[tens|- max |EFE |[Eq-/Sch/-[FL| |/ADM -cac/| SR+GR Feb-Jun2011 V —p.20



SR: twins paradox L

t |
e _

-|
— \\\\\\\\ Ey
G LR R

“\‘\\\\ Cl E, ZIZ'/

2 | T

0-M-[A -3 -lcall-ic -[ X - [7]- t+-[x — 1zI- [T Y] ltc]- Pen - 3+ -PBI-[tw- lu** -[SR] |[Riem-[tens|- max |EFE |[Eq-/Sch/-[FL| |/ADM -cac/| SR+GR Feb-Jun2011 V —p.20



SR: twins paradox L

Roukema & Bajtlik 2008, MNRAS, 390, 655
arXiv:astro-ph/0612155
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